The anisotropy in the angular distribution of the fusion-fission and quasifission fragments for the 16 O+ 238 U, 19 F+ 208 Pb and 32 S+ 208 Pb reactions is studied by analyzing the angular momentum distributions of the dinuclear system and compound nucleus which are formed after capture and complete fusion, respectively. The orientation angles of axial symmetry axes of colliding nuclei to the beam direction are taken into account for the calculation of the variance of the projection of the total spin onto the fission axis. It is shown that the deviation of the experimental angular anisotropy from the statistical model picture is connected with the contribution of the quasifission fragments which is dominant in the 32 S+ 208 Pb reaction. Enhancement of anisotropy at low energies in the 16 O+ 238 U reaction is connected with quasifission of the dinuclear system having low temperature and effective moment of inertia.
Introduction
The study of the mechanism of the fusion-fission process in the reactions with massive nuclei is of interest of both experimentalists and theorists to obtain a favorable way of the synthesis of superheavy elements or exotic nuclei far from the stability line. The last experiments on the synthesis of superheavy elements Z=114, 115, 116 and 118 were successful at beam energies corresponding to [35] [36] [37] [38] [39] [40] MeV excitation energies of the compound nucleus which is enough higher than the Bass barrier. The deformed actinide nuclei were used as targets at synthesis of new superheavy nuclei in the 48 Ca + 238 U, 244 Pu, 248 Cm reactions [1] . It means that the orientation angle of the symmetry axis of target-nucleus relative to the beam direction affects on the fusion-fission mechanism. The cross sections of events corresponding to the synthesis of superheavy elements are not higher than few picobarns [1] and the width of evaporation residues excitation function is very narrow. At the same time the measured cross sections of the fission fragments are several tens of millibarn [2] and the excitation function of fission fragments yields is very wide. It means that only a very small part of collisions in the narrow range of the beam energy leads to the formation of the evaporation residues considered as superheavy elements. The problem is to establish this small range of beam energy as the optimal condition for the synthesis of superheavies. The main reason leading to the small values of the evaporation residue cross-sections seems to be connected with the small survival probability W sur of the heated compound nucleus against fission by evaporating neutrons. It is well known that the W sur decreases by an increase of the excitation energy E * CN and angular momentum ℓ CN of the compound nucleus [3] .
But the formation of the compound nucleus in reactions with massive nuclei has a hindrance: not all of the dinuclear systems formed at capture of the projectile by the targetnucleus can be transformed into compound nuclei. We should stress that the estimation of the formation probability is difficult by both experimental and theoretical methods. The determination of the fusion probability from the experimental data is ambiguous due to the difficulties to identify pure fission fragments of the splitting compound nucleus from the fragments which are formed in other processes of heavy-ion collisions like fast-fission, quasifission and deep inelastic collisions. By the way, restoration of its value from the cross-sections of evaporation residues is model-dependent. As a result there is a field for speculations which can be clarified indirectly by the analysis of the physical results connected with the formation of the compound nucleus. The angular distribution of reaction fragments is one of the informative quantity allowing us to study the fusion-fission mechanism of heavy-ion collisions.
The goal of the present paper is to show the ability of the method based on the dinuclear system (DNS) concept to calculate the angular momentum distribution for the fusion-fission and quasifission fragments by analyzing the anisotropy of the angular distribution of both fusion-fission and quasifission fragments in reactions with deformed and nearly spherical target nuclei. The partial capture, fusion and quasifission excitation functions, as well as the corresponding mean square values of angular momentum calculated in this work were used to determine the anisotropy A of the fragment angular distribution by formula (1) as a function of the spin distribution of the fissioning systems: compound nucleus and dinuclear system. The results were compared with the experimental data for the observed anisotropy A of the angular distributions of fragments of the 16 O+ 238 U, 19 F+ 208 Pb and 32 S+ 208 Pb reactions.
The paper is organized in the following way. In sect. 2, we discuss the possibility of the use of the anisotropy of the angular distribution of fragments to establish their origination.
In sect. 3 we present the method to calculate the orbital angular momentum distribution, mean square values < ℓ 2 >, and anisotropy A of the angular distribution of the fission and quasifission fragments. A short presentation about how we calculate capture, fusion, and quasifission excitation functions is given in sect. 4 . The results of the anisotropy of the fragment angular distribution contributed by the fission and quasifission are calculated and discussed in sect. 5. Conclusions are given in sect. 6.
2 About the interpretation of the anisotropy of angular distribution of reaction fragments
Generally, authors analyzing the experimental data determine the fission cross sections by fitting of the measured angular distributions of the fission fragments. To generate the angular momentum distributions required to predict the shape of the fission angular distributions, the approximate fusion cross sections is used (see, for example, ref. [4] ). In this paper, the "restored" fission angular distributions were used again and fitted to the measured data for the 19 F+ 208 Pb reactions. From the final fits the anisotropies A and the fusion-fission cross sections as well as the value of K 2 0 at each bombarding energy were determined. In such an analysis, it was implicitly assumed that K 2 0 is independent on the total spin J. The main conclusion of the authors was that the anisotropy at the highest bombarding energies can only be reproduced by assuming that the fission barrier does no longer control the fission process when its height is less than the nuclear temperature. The role of the quasifission process was not discussed in [4] . In ref. [5] , the fission fragment anisotropies and mass distributions were measured over a wide range of angles for the 16 O+ 238 U reaction. The authors concluded that a systematic deviation of the measured fission fragment anisotropies from the transition state model predictions confirms the validity of the correlating anomalously large anisotropies with the presence of quasifission. In refs. [6, 7] , the sensitivity of the features of fissionfragment angular distributions to nonequilibrium processes such as quasifission was shown by a quantitative analysis of the angular distributions of near-symmetric masses produced in the 32 S+ 208 Pb reaction.
The study of correlations between mass and angular distribution of fragments of full momentum transfer reactions allows us to separate the pure fission fragments of the compound nucleus with a compact shape [8] . The mass and angular momentum distributions of the reaction fragments are determined by the dynamics of collision. The mass distribution strongly depends on the potential energy surface. Quasifission produces fragments alike the fission fragments confusing the estimation of the fusion cross section. In the quasifission process, the compound nucleus stage is not reached. The complete kinetic energy relaxation (capture stage) is a main characteristics of the quasifission reactions. It means that quasifission takes place only after the capture of the projectile by the target-nucleus. The mass equilibrium can be reached or not in dependence on the masses and mass asymmetry of the reactants [7] , as well as on the dynamics of collision.
The symmetric mass distributions at all angles and symmetric angular distributions relative to θ c.m. = 90 • are characteristic features for the fission decay of the completely fused system. The angular distributions of fission fragments are often characterized by the ratio of the yield at 180 • (or 0 • ) to the one at 90 • , i.e., A = W (180 • )/W (90 • ). The angular distribution of the fission products is described in the framework of the standard statistical model (SSM) usually making use of the fact that the fission saddle-point configuration can be treated as a transition state between the compound system in its quasi-equilibrium state and the two separated fission fragments [9] . This model is used under the assumption that the final direction of fragments is given by the orientation of the nuclear symmetry axis as the nucleus passes over the fission saddle-point. This assumption may not be justified for the heaviest systems for which the saddle-and scission-point configurations have very different shapes. Consequently, in such case, the SSM may not describe properly the angular anisotropy of pure fission fragments in reactions with massive nuclei. Certainly, the discrepancy between theoretical and experimental estimations of the angular anisotropy is caused by an imperfection of the SSM and the experimental difficulties of separating the pure fission fragments.
The models which reproduce the fusion-fission excitation functions fail to account for the fission-fragment angular-distribution data. The reasons of the failure could be connected with the effects of the entrance channel (presence of quasifission) or the fission exit channel (K-equili-brium is not reached, where K is the projection of the total spin of the nucleus on its axial symmetry axis) [10, 11] . Certainly effects of both of above-mentioned phenomena should be analyzed with the increase of the anisotropy A in the angular distribution of reaction fragments. Vopkapic and Ivanisevic in ref. [11] suggested that at sub-barrier energies, fusion of projectile occurs only when the prolate deformed target is oriented in the beam direction, producing a narrow initial K distribution peaked around K = 0. The K equilibration time was also assumed to be not too short compared to the fission time. Using of a time dependent and narrow K distribution compared to predictions of the statistical saddle-point model could be envisaged and the fragment angular anisotropy could be explained.
The deviation of the experimental angular anisotropy from the statistical model picture at energies above the interaction barrier was discussed by authors of ref. [4] . The reason of the failure of the statistical model to reproduce the measured data was considered doubtful for the application of the SSM at high energies when it is no longer valid if the fission barrier could be passed at the first attempt. This deviation occurs at large values of angular momenta where the fission barrier height is less than the saddle-point temperature (T ≈ 1.6 MeV). It means that all the properties of the fission process should be determined completely by the dynamics of the motion over the potential energy surface (PES).
The measured fission data corresponding to large values of the fragment angular anisotropy A can include a contribution of quasifission fragments leading to higher anisotropy than the ones predicted by standard statistical models [4, 7] since at quasifission the dinuclear system never becomes as compact to be the compound nucleus, and also the K equilibration is probably not attained. The experimental data (see, for example, ref. [12] ) confirm events with characteristic features, particularly in association with projectiles heavier than 24 Mg.
So, there are two main points of view to interpret the experimentally observed angular anisotropy A: 1) authors of refs. [4, 7] and we, in the present paper, explain it with the contribution of the quasifission process competing with the formation of the compound nucleus; 2) authors of ref. [13] observe a strict evidence of the anisotropy A, explaining such an anomaly by a new version of the preequilibrium fission model [14] .
Calculations within the SSM assume the availability of a realistic spin distribution of the fissioning system. In turn the calculation of the spin distribution of the compound nucleus formed in the heavy-ion induced reactions is a complicated task. The extraction of a realistic spin distribution from the measured angular distribution of reaction fragments may be ambiguous due to a sufficient contribution of quasifission.
We consider the role of the entrance channel in the observed angular anisotropy. The mean square values < ℓ 2 > versus E c.m. is determined. We compare our results of A with the available estimations extracted from the experimental data [4, 7] .
3 Calculation of the anisotropy and mean square values < ℓ 2 > of the angular distribution
The angular distribution of splitting fragments of the rotating system is determined by its angular momentum distribution, namely, by the projection, K, of the total spin vector, J, onto the center axis of the separated fission fragments and by the moment of inertia of the fissioning system. The total spin has no component along the beam axis (M = 0), if the fissioning system is formed at capture (full momentum transfer) of a spinless projectile by a spinless target.We calculate the anisotropy A using our results of the angular momentum distributions < ℓ 2 > for the complete fusion and quasifission, and J ef f for compound nucleus is found by the rotating finite range model (RFRM) by Sierk [15] and for the DNS is determined by our model taking into account different mutual orientations of symmetry axes of interacting nuclei. Then we can use the expression for the approximated anisotropy of the fission fragment angular distribution suggested by Halpern and Strutinski in ref. [16] and Griffin in ref. [17] :
where
is the effective moment of inertia on the saddle point for the compound nucleus; J and J ⊥ are moments of inertia around the symmetry axis and a perpendicular axis, respectively. Their values are determined in the framework of the RFRM by Sierk [15] . J ef f and T sad are functions of < ℓ > and their values for the given beam energy and orbital angular momentum are found by averaging < J ef f T sad > by the partial fusion cross sections, similar as in formula (3). The mean square values of the orbital angular momentum for the fusion-fission < ℓ 2 > f us and quasifission < ℓ 2 > qf iss processes are calculated by using the partial cross sections of fusion, σ (ℓ) f us , and quasifission, σ (ℓ) qf iss , respectively. The above-mentioned mean square values are found by averaging over all orientation angles of the symmetry axis of deformed nuclei [18] :
where i = f us or qf iss, and α P and α T are the orientation angles of the axial symmetry axes of the projectile and target nuclei, respectively. The effective temperature T sad at the saddle point is related to the excitation energy by the expression:
where Q gg and B f (ℓ) are the reaction Q gg -value for the ground states of nuclei and the fission barrier height, respectively. The B f (ℓ) is calculated in terms of the RFRM by Sierk [15] . For the given E c.m. we calculate < ℓ > and its value is used to find B f (ℓ). A CN is the mass number of the composite system and E n the energy carried away by the pre-saddle fission neutrons. The last was not analyzed in this work. An important physical quantity in formula (1) is the variance K 2 0 of the Gaussian distribution of the K projection:
Often K 0 is used to fit the angular distribution of fission fragments (see ref. [7] ). For the estimation of the anisotropy of quasifission fragments we calculate J ef f for the dinuclear system taking into account the possibility of different orientation angles of its constituent nuclei (see Appendix A). The excitation energy of the dinuclear system is found as a sum of the difference between the beam energy and the minimum of the potential well of the interaction potential and the Q gg -value corresponding to a change of the excitation energy of the dinuclear system from the projectile-target configuration to the quasifission fragments. Assuming that after capture the mutual orientations of the DNS nuclei do not change much, we calculate J ef f for collisions of the projectile and target with different timeindependent orientations of their symmetry axes. Under this assumption, and using our calculated mean square values < ℓ 2 > for quasifission we determine the angular anisotropy A of the quasifission fragments. The effective value J ef f of the moment of inertia of the dinuclear system (J DN S ) is found by averaging on all the ℓ values and orientations (α P , α T ) with the partial capture cross sections, for a given collision energy:
where σ
qf iss . The values of < ℓ 2 > for the fragments of quasifission are higher than the ones of the compound nuclei [18] . This kind of fission-like decay produces a high anisotropy in the angular distributions due to the large angular momentum of DNS [19] , because the partial cross section of quasifission increases by increasing of ℓ [18, 20] . The reason is that the hindrance for the transformation of the dinuclear system into compound nucleus increases due to an increase of the intrinsic fusion barrier B * f us with the orbital angular momentum ℓ. At the same time quasifission barrier B qf decreases by increasing of ℓ [20, 21] . We determine these barriers of the DNS model in sect. 4.2.
The dissipation of the initial orbital angular momentum ℓ 0 of collision during the capture process and the maximum value ℓ d of the partial waves leading to capture are calculated by the solution of the corresponding equation of motion. The results show that such a dissipation is considerable and the value of angular momentum after dissipation ℓ f is about 25-30% lower than the initial value ℓ 0 . This value is found by the solution of the equations of motion for the orbital angular momentum and radial motion of nuclei. Details of these calculations can be found in refs. [18, 22, 23] . The possibility to calculate the spin distribution of the compound nucleus (its angular momentum distribution) is the advantage of the used method based on the dinuclear system concept [24] . In the next sect. 4.1 we present shortly the basic points of the model.
It should be stressed that, in the case of collisions of deformed nuclei, the orientation angles (α P,T ) of the symmetry axes to the beam direction play an important role at the capture and complete fusion stages. The importance of the orientation angles of the symmetry axes of the reacting nuclei was analyzed in ref. [18] . The final results of the capture and complete fusion are obtained by averaging the contributions calculated for different orientation angles of the symmetry axes of the reacting nuclei with formula (4).
Capture, fusion and quasifission cross sections
At the early stage of the reaction with massive nuclei, the complete fusion of colliding nuclei has a very strong competition with the quasifission process which decreases the probability of the compound nucleus formation. The fusion and quasifission are considered as a two stage process [18, 20, 22] : (i) the formation of a dinuclear system as the result of the capture of the projectile-nucleus by the target-nucleus; (ii) the transition of the dinuclear system into the compound nucleus (complete fusion) as a special channel of its evolution. The other alternative way of the dinuclear system evolution is quasifission. The quasifission is the decay of the dinuclear system without formation of the compound nucleus. Both processes can produce fragments with similar characteristics as total kinetic energy and mass distributions. The ratio of yields from both channels depends on the structure of the PES (see, for example, fig. 1a ) which is different for the different total mass and charge numbers. In fig. 1 , we presented PES calculated for reactions leading to 227 Pa. The probability of quasifission is determined by the relief of PES of the dinuclear system calculated as a function of the relative distance and mass asymmetry. In fig. 1b , the curve connecting minimums of the valley on the PES is the driving potential as a function of the charge asymmetry of the DNS fragments. The cut of PES for the given charge number is the nucleus-nucleus interaction potential V (R). The curve in fig. 1c was calculated for the 19 F+ 208 Pb reaction. The size of the potential well is determined by the orbital angular momentum leading to capture and the depth of the potential well is the quasifission barrier B qf for the given charge asymmetry. For the interacting deformed nuclei PES depends on the orientation angles of the symmetry axes (see formula 9).
Capture
The partial capture cross section is determined by the capture probability P ℓ cap (E) which means that the colliding nuclei are trapped into the well of the nucleus-nucleus potential after dissipation of a part of the initial kinetic energy and orbital angular momentum:
Here λ − is the de Broglie wavelength of the entrance channel. The capture probability P ℓ cap (E, ℓ) is equal to 1 or 0 for the given beam energy and orbital angular momentum. Our calculations showed that in dependence on the beam energy, E = E c.m. , there is a window for capture as a function of orbital angular momentum:
where ℓ min = 0 can be observed when the beam energy is large than the Coulomb barrier (V Coul ). It means that the friction coefficient is not so strong to trap the projectile into the potential well (see fig.2 in ref. [18] ).
The number of the partial waves giving a contribution to the capture is calculated by the solution of the equations for the radial and orbital motions simultaneously [22] . They are defined by the size of the potential well of nucleus-nucleus potential V (R,
and α k are the charge numbers, deformation parameters and orientation angles of the symmetry axes of nuclei, k = 1, 2 and i = 2, 3 correspond to quadrupole and octupole deformations, respectively. The nucleusnucleus interaction potential, radial and tangential friction coefficients and inertia coefficients are calculated in the framework of our model [18, 20, 22] .
Complete fusion
For the capture events we calculate the competition between quasifission and complete fusion with a statistical approach [25] . The competition between the complete fusion and quasifission is obtained as the branching ratio between the transition of the dinuclear system from its position in the valley of the PES to the "fusion lake" overcoming the intrinsic fusion barrier B * f us on the charge number axis (complete fusion), and the decay to the "quasifission sea" after overcoming the quasifission barrier B qf on the radial distance axis. The size of the potential well decreases by increasing the orbital angular momentum ℓ, i.e. the valley of PES becomes shallow and as result the lifetime of the DNS decreases. At the same time the intrinsic fusion barrier B * f us increases while the quasifission barrier B qf decreases. So, we conclude that the contribution of the quasifission increases by increasing the angular momentum for a given beam energy [20, 21] .
The intrinsic fusion barrier B * f us for a given projectile-target pair is the height of the saddle-point in the valley of the PES along the axis of the DNS charge asymmetry. The PES of the dinuclear system is calculated as a sum of binding energies of interacting nuclei, nucleus-nucleus interaction potential V (R) and rotational energy,
, and B CN are binding energies of the constituent nuclei of DNS and compound nucleus, respectively; Z CN is charge number of compound nucleus, V (R, Z, Z CN − Z) is the nucleus-nucleus interaction potential of the DNS nuclei; V [26, 27] ). The dependence of PES on the shell structure of the nuclei forming the dinuclear system and on the orbital angular momentum leads to the strong influence of the entrance channel ( [18, 20, 22, 25] ).
The effects connected with the entrance channel appear in the partial fusion cross section σ f us ℓ (E), which is defined by the product of the partial capture cross section and the related fusion factor P CN presenting the competition between complete fusion and quasifission processes:
where σ ℓ cap (E) is the partial capture cross section which is defined by formula (8) . The details of the calculation method are described in ref. [25] . P CN (E, ℓ) is the hindrance factor for formation of compound nucleus connected with the competition between complete fusion and quasifission as possible channels of evolution of the DNS. Due to nucleon transfer between the DNS constituents the wide range of charge asymmetry can be populated in dependence on landscape of the potential energy surface. This phenomenon is taken into account by using of the branching ratio P CN (E, ℓ) as the sum of ratios of the widths related to the overflowing over the quasifission barrier B qf (Z) at a given mass asymmetry, over the inner fusion barrier B f us (Z) on mass asymmetry axis to complete fusion and over B sym (Z) in opposite direction to the symmetric configuration of DNS:
is the excitation energy of DNS for a given value of its charge-asymmetry configuration (Z, Z CN − Z) and Z CN = Z 1 + Z 2 ; V (Z, R m , ℓ; {β i }, {α k }) is the minimum value of the nucleus-nucleus potential well; the position of the minimum is marked as R = R m (see fig. 1c ); ∆Q gg (Z) is the change of the Q gg -value by changing the DNS charge asymmetry; Y Z (E * Z ) is the probability of population of the configuration (Z, Z CN −Z) at E * Z , ℓ and given orientation angles (α P , α T ). Y Z (E * Z ) was obtained by solving the master equation for the evolution of the dinuclear system (charge) mass asymmetry (for details see refs. [18, 23] . Z sym = (Z 1 + Z 2 )/2 and Z max correspond to the point where the driving potential reaches its maximum (see fig. 1b ) [21, 25] .
The branching ratio P
CN (E * Z ) is calculated as a ratio of widths related to the overflowing over the quasifission barrier B qf (Z) at a given mass asymmetry, over the intrinsic barrier B f us (Z) on mass asymmetry axis to complete fusion and over B sym (Z) in opposite direction to the symmetric configuration of DNS:
Here, the complete fusion process is considered as the evolution of the DNS along the mass asymmetry axis overcoming B f us (Z) (a saddle point between Z = 0 and Z = Z P ) and ending in the region around Z = 0 or Z = Z CN (fig. 1b) . The evolution of the DNS in the direction of the symmetric configuration increases the number of events leading to quasifission of more symmetric masses. This kind of channels are taken into account by the term Γ sym (Z). One of the similar ways was used in ref. [28] in calculations of the evaporation residues cross sections in the reactions with actinides. The widths of these "decays" leading to quasifission and complete fusion can be presented by the formula of the width of usual fission [29] :
, and B sym . T Z is the temperature of the dinuclear system consisting of fragments with charge numbers Z and Z CN − Z: T Z = 8E * Z /A CN . Usually the value of the factor
in (14) is approximately equal to the unit. Inserting eq. (14) in (13), we obtain the expression (15) used in our calculations:
Results and discussion
In this section we compare the capture, fusion and quasifission excitation functions with the available experimental data which were obtained by the analysis of the angular distribution of fission fragments. The calculated partial capture, fusion and quasifission excitation functions in this work are used to determine the mean square values of angular momentum < ℓ 2 > for the dinuclear system and compound nucleus, and to find the anisotropy A of the angular distribution by formula (1). The results for A are compared with the experimental data. Fig. 2a shows that at low energies the calculated cross sections are nearly equal and are in good agreement with the experimental data for the 16 O+ 238 U reaction. The measured data is related by a mixture of the complete fusion and quasifission fragments in equal proportions. In the energy interval 90 < E lab < 130 MeV the contribution of fragments of the fusion-fission process dominates over the one of quasifission (see fig. 2a ). An increase of the quasifission contribution by increasing the beam energy is explained by an increase of events with the formation of the dinuclear system with the large orbital angular momenta because the intrinsic fusion barrier B * f us increases and the quasifission barrier decreases by increasing of ℓ (see refs. [18, 21] ).
The authors of ref. [5] in detail analyzed the angular anisotropy of fragments at low energies to show the dominant role of the quasifission in collisions of the projectile with the target-nucleus when the axial symmetry axis of the last is oriented along or near the beam direction. It was obtained large values of the anisotropy at low energies and these data were assumed to be connected with the quasifission because a mononucleus or dinuclear system formed in the near tip collisions has the elongated shape. This shape can be far from the one corresponding to the saddle point [5] . Therefore, for such system, there is a hindrance at its transformation into compound nucleus.
The comparison of our calculated anisotropy values for the quasifission and complete fusion fragments with the ones which were presented in refs. [5, 7, 30, 31, 32] shows that the anisotropy A connected with quasifission is very close to the experimental data ( fig. 2b ) at low energies E lab < 100 MeV. In spite of the quasifission and fusion-fission cross section are close, the fusion-fission fragments show less anisotropy due to small < ℓ 2 > values and large J ef f . The large anisotropy for quasifission fragments is explained by small temperature T DN S and small effective moment of inertia J DN S . Because the fragments under discussion were formed in collisions with orientation angles α T ≤ 30 • for the target symmetry axis. Figure 2c shows the comparison of the calculated mean square of the angular momentum < ℓ 2 > of the fissioning systems (dinuclear system and compound nucleus) with the data extracted from the measured angular distribution of fragments in ref. [7] . The agreement of the fusion and quasifission angular momentum distributions with the experimental data is well for all values of beam energy excluding of point E lab =90 MeV. The authors of ref. [33] concluded that in the sub-barrier region, in this reaction, the contribution of the quasifission is negligible. This conclusion has been made by a comparison of calculated excitation functions for the evaporation residues with the experimental data [33] . They did not need to include a hindrance to fusion to reproduce the experimental data. Authors used the coupled-channel code CCDEGEN [34] , which is based on a version of the CCFULL code described in [35] to calculate the fusion excitation function and the results were used as input for the statistical model calculation of evaporation residue cross sections by using the code HIVAP [36] .
One can see that even in the case of using a deformed target-nucleus, at sub-barrier energies the yield of fusion-fission fragments are comparable with the yield of quasifission fragments.
In fig.3a , we show the comparison of the excitation functions for the capture, complete fusion and quasifission calculated for the 19 F+ 208 Pb reaction in the framework of our model with the experimental data of the fission cross sections presented in refs. [4, 7, 13] . Our results for the complete fusion are in agreement with the experimental data. It means that the contribution of quasifission in the measured data is small. We should note that the maximum of the calculated mass (charge) distribution of quasifission fragments is near masses of the projectile-like and target-like fragments of the 19 F+ 208 Pb reaction. The absent of the large anisotropy at the low energies is explained by the fact that the massive target nucleus has the spherical shape and J DN S ef f is not so small as in the 16 O+ 238 U reaction. In fig. 4 we show the time dependence of the charge distribution Y Z (t) for yield of products of the quasifission processes. It was obtained by solving of the master equation for the evolution of the dinuclear system (charge) mass asymmetry (for details see ref. [18] ). It is seen that the light fragments of quasifission have a charge less than Z = 9 and the asymptotic value is Z = 5. Heaviest fragments have a charge larger than Z = 82 and the largest value is Z = 86. This result is caused by the influence of the shell structure of interacting nuclei. Moreover, the fragments around the initial charge number Z = 9 at time t = (5-10)·10 −22 s can be considered as fragments of deep-inelastic collisions when the dinuclear system is formed for the short times (no capture).
From the good agreement of our results on the excitation function of the complete fusion and the angular anisotropy A for the 19 F+ 208 Pb reaction (see fig. 3a and fig. 3b ) with the experimental data presented as the cross section of the fusion-fission process we can conclude that in this reaction the fusion-fission mechanism dominates over quasifission mechanism.
In fig. 3c our theoretical results are compared with the values of < ℓ 2 > extracted from the description of the experimental results on the angular anisotropy A of the 19 F+ 208 Pb reaction [7, 13] . The good agreement between the calculated and experimental results confirms the correctness of the angular momentum distribution for the complete fusion and quasifission calculated with our model.
The dominant role of quasifission can be seen in the 32 S+ 208 Pb reaction which is a more symmetric than the above discussed two reactions. A sufficient role of the quasifission in this reaction was suggested by the authors of the experiment in ref. [7] . But they did not present quantitative results of the ratio between complete fusion and quasifission contributions. It is well known that this is very complicated task due to the strong overlap in mass and angular distributions of the fragments from both processes.
We have theoretically analyzed the contributions of the above mentioned processes. In fig. 5a , we compare the excitation functions for capture, complete fusion and quasifission calculated for this reaction with the experimental data for the fission cross section presented in ref. [7] . Our results for complete fusion are lower than the experimental fission cross sections. Our statement is that the data contain a large amount of contributions of the quasifission fragments together with fusion-fission fragments. The ratio of the yields of quasifission fragments to fusion-fission fragments is larger at the lower and higher beam energies. At the low energies the competition between complete fusion and quasifission is very sensitive to the peculiarities of the potential energy surface. The height of the intrinsic fusion barrier B * f us is comparable with the excitation energy of the dinuclear system and, therefore, there is a hindrance to complete fusion.
At the highest values of beam energy the hindrance to complete fusion appears due to the increase of B * f us as a function of the orbital angular momentum ℓ DN S of the dinuclear system. At the same time the quasifission barrier B qf decreases by increasing of ℓ DN S . The combined effect from the behaviour of the B * f us and B qf barriers as functions of ℓ DN S makes quasifission as the dominant process [20, 21] . This phenomenon is common for all reactions with projectiles heavier than 16 O. The fast-fission mechanism also contributes to the anisotropy of the angular distributions of fragments in all of the above mentioned reactions at large values of ℓ. According its definition the fast-fission mechanism takes place when complete fusion occurs at large orbital angular momentum but there is not a fission barrier for the being formed compound nucleus. The range of angular momentum leading to the fast-fission is ℓ B f iss =0 < ℓ < ℓ f us where ℓ B f iss is a value at which the fission barrier for compound nucleus disappear; ℓ f us is a maximum value of ℓ at which complete fusion takes place. The value of ℓ f us is different for different orientation angles of the colliding nuclei.
Note that quasifission can take place at small values of angular momentum including ℓ = 0 in contrast to the fast-fission which occurs at ℓ B ≤ ℓ ≤ ℓ cap where ℓ B is the minimum value of angular momentum of the compound nucleus where the fission barrier disappears and ℓ cap is the maximum value of orbital angular momentum leading to capture. In fig.6 , we present as an example our results of the angular momentum distribution of the partial fusion and quasifission cross sections for the 32 S+ 208 Pb reaction.
We estimated the contribution of the fast-fission in the 32 S+ 208 Pb reaction. As fig. 5a shows, the fast-fission cross section is small in comparison with the one of the other processes. At large beam energies, the fast-fission and complete fusion cross sections are comparable.
The energy-dependences of anisotropy of the angular distribution of reaction fragments are shown in fig. 5b . The contribution of fusion-fission process is small in comparison with the data from ref. [7] . This fact shows the dominance of quasifission fragments in the measured anisotropy of the angular distribution. The dotted line in fig.5b is obtained by averaging the anisotropies A qf iss , A f us and A f f iss corresponding to the quasifission, fusion-fission and fast-fission fragments, respectively, according to the formula:
where σ qf iss , σ f us , and σ f f iss are the quasifission, fusion, and fast-fission cross sections, respectively; A qf iss , A f us , and A f f iss are the corresponding anisotropies.
In fig.5c , we compare our theoretical results with the values of < ℓ 2 > extracted from the description of the experimental data on the angular anisotropy A of the 32 S+ 208 Pb reaction in ref. [7] . The extracted values of < ℓ 2 > from the measured data are in good agreement with our theoretical results for the fusion-fission process. Note that at lower and higher values of the beam energy, the curve for the quasifission is closer to the experimental data. This confirms our conclusion of the role of quasifission made above in the discussion of fig.5a .
In order to comment the overestimation of the measured data by our results for the quasifission excitation function, we calculated of evolution of the charge distribution in the dinuclear system as in the case of the 19 F+ 208 Pb reaction. The maximum of the charge distribution of the 32 S+ 208 Pb reaction splits into two peaks with increasing interaction time. It is seen from fig.7 that the first maximum of the lightest components is concentrated around the charge number Z = 12 and the other maximum around the charge value Z = 22. This effect is connected with the influence of shell structure of the interacting nuclei. It seems to us that the quasifission fragments around Z = 12 were not registered as fission fragments. This is seen from fig. 6 of ref. [37] . But such fragments are included in our results of the quasifission contribution. As a result we overestimated the experimental data of refs. [7, 37] ) for the yield of binary fragments of the full momentum transfer reactions.
The fragments around the initial charge number Z = 16 at time t = (5-10)·10 −22 s in fig.7 can be considered as fragments of deep-inelastic collisions when the dinuclear system is formed for short time (no capture).
Conclusions
The model based on the dinuclear system [18, 20, 24] was improved to study the influence of the quasifission on the angular anisotropy of the measured fission-like fragments. We compared our calculated results with the experimental data on the excitation function of the fusion-fission fragments, anisotropy A of the angular distributions and mean square values < ℓ 2 > extracted from the description of the measured anisotropy A for the 16 [7] reactions. The experimental studies of the angular distributions of fragments in heavy-ion reactions show distinct deviation from the SSM theory. We explain this deviation by the presence of a contribution of the quasifission reactions.
The importance of the quasifission mechanism at the low beam energies was used to explain the large anisotropy of in the angular distribution of fragments of the full momentum transfer reaction was discussed in ref. [4] . Our results obtained taking into account contributions of different orientation angles of the symmetry axis of the deformed 238 U target to the measured anisotropy A confirm this interpretation. At the low beam energies we observe capture (formation of the relatively long living DNS) only for α T ≤ 30 • and the angular distribution of the quasifission fragments shows large anisotropy A=1.7-2.0. The small values of J DN S ef f and DNS temperature T DN S are responsible for this phenomenon. In the reactions with the spherical 208 Pb target, J DN S ef f is not so small to cause in 19 F + 208 Pb the similar effect observed in the 16 O + 238 U reaction. The calculated fusion and quasifission cross sections are nearly equal and are in good agreement with the experimental data for the 16 O+ 238 U reaction. Therefore, we conclude that the measured data is related by a mixture of the complete fusion and quasifission fragments. Considering the quasifission as a "fission" of the dinuclear system from a not compact shape we estimate the mean square values of the angular momentum ℓ and anisotropy A of the angular distribution of the reaction fragments. The experimental data of the anisotropy A are described if we also take into account the contribution of the quasifission fragments.
For the 19 F + 208 Pb reaction [4, 7, 13 ] the contribution of the quasifission fragments is comparable at low energies with the one of fusion-fission mechanism and the last mechanism become dominant for the beam energy E lab > 90 MeV. So in the 19 F + 208 Pb reaction the fusion-fission fragments give the main contribution to the measured data. The effect of quasifission appears only at more higher beam energies.
The analysis of the measured data for the 32 S + 208 Pb reaction showed the dominant role of quasifission in this reaction. It was determined by the comparison of the calculated fusion and quasifission cross sections, anisotropies A f us and A qf iss connected with these processes, as well as < ℓ 2 > with the corresponding experimental data. We conclude that the appearance of the competition between quasifission and complete fusion depends on such parameters of entrance channel of reactions as mass asymmetry, orbital angular momentum and beam energy.
This conclusion supports the statement of B. Back et al. [7] and M. Tsang et al. [37] that the assumption of the fusion (and formation of a truly equilibrated compound nucleus) during the first step of the reaction is not valid in the analysis of the experimental data of fission fragments. Therefore, these authors hypothesized the quasifission contribution on the experimental data in order to describe the angular anisotropy of the detected fragments. The good agreement of our results with the experimental data shows that our model can be applied to analyze the anisotropy of angular distribution of the reaction fragments and the contribution of quasifission fragments in the measured data which depend on the charge asymmetry of reaction in the entrance channel, peculiarities of the shape and shell structure of colliding nuclei. of DNS which is formed in collisions with the different orientation angles of their symmetry axes relative to the beam direction is calculated by the formula (2) . But the moments of inertia J DN S and J DN S ⊥ should be the smallest and largest components, respectively. The axis for which the value of J is minimal is found from the condition ∂J ∂γ = 0 (γ is the angle between the axis J and beam direction) ( fig.8) . The J ⊥ axis is directed as a normal to the reaction plane. The moments of inertia of nuclei are calculated as for a rigid-body system. For a quadrupole deformed nucleus the moment of inertia is calculated by the expression:
where a i and c i are the small and larger semi-axes, respectively, of the DNS constituents (i = 1, 2). The moments of inertia J DN S and J DN S ⊥ are found by using the Steiner's theorem for the rigid-body moments of inertia of the DNS constituents:
where d
) is the distance between the center of mass of the fragment i (i = 1, 2) and the axis corresponding to the largest (smallest) moment of inertia of the dinuclear system. Figure 1 : (a) Potential energy surface for the reactions leading to 227 Pa as a function of the charge asymmetry of the dinuclear system fragments and the relative distance between their centers; (b) driving potential for the reactions leading to 227 Pa as a function of the charge asymmetry of the dinuclear system fragments: the intrinsic fusion barrier B * f us is shown as the difference between the maximum value of the driving potential to the way of complete fusion and its value corresponding to the considered charge asymmetry of the entrance channel; the barrier to the mass symmetric configuration B * sym is shown as the difference between the maximum value of the driving potential to the way of symmetric masses and its value corresponding to the considered charge asymmetry of the entrance channel. (c) The nucleusnucleus interaction potential V (R) for the 19 F+ 208 Pb system: the quasifission barrier B qf as the a depth of the potential well. [7, 30] ; (b) the anisotropy of the angular distribution obtained in this work by using of partial fusion and quasifission excitation functions is compared with the experimental data from refs. [7, 5, 31, 32] ; (c) the calculated values of < ℓ 2 > for the 16 O+ 238 U reaction obtained separately for complete fusion and quasifission in comparison with experimental data [7] . [4, 7, 13] ; (b) the anisotropy of angular distribution obtained in this work by using of partial fusion and quasifission excitation functions is compared with the experimental data from refs. [4, 7, 13] ; (c) comparison of the values of < ℓ 2 > for the 19 F+ 208 Pb reaction calculated separately for the complete fusion and quasifission with the experimental data refs. [7, 13] . [7] . (b) The anisotropy of angular distribution obtained in this work by using of partial fusion and quasifission excitation functions is compared with the experimental data of ref. [7] . (c) The values of < ℓ 2 > for the 32 S+ 208 Pb reaction calculated separately for the complete fusion and quasifission in comparison with the experimental data of ref. [7] . 
